Polo-like kinase 1 (Plk1) is a well-established mitotic regulator with a diverse range of biologic functions continually being identified throughout the cell cycle. Preclinical evidence suggests that the molecular targeting of Plk1 could be an effective therapeutic strategy in a wide range of cancers; however, that success has yet to be translated to the clinical level. The lack of clinical success has raised the question of whether there is a true oncogenic addiction to Plk1 or if its overexpression in tumors is solely an artifact of increased cellular proliferation. In this review, we address the role of Plk1 in carcinogenesis by discussing the cell cycle and DNA damage response with respect to their associations with classic oncogenic and tumor suppressor pathways that contribute to the transcriptional regulation of Plk1. A thorough examination of the available literature suggests that Plk1 activity can be dysregulated through key transformative pathways, including both p53 and pRb. On the basis of the available literature, it may be somewhat premature to draw a definitive conclusion on the role of Plk1 in carcinogenesis. However, evidence supports the notion that oncogene dependence on Plk1 is not a late occurrence in carcinogenesis and it is likely that Plk1 plays an active role in carcinogenic transformation. Cancer Res; 73(23); 6848-55. Ó2013 AACR.
Introduction
Over the past two decades, since the advent of mammalian polo-like kinase 1 (Plk1), the scientific community has witnessed a tremendous surge of studies aimed at defining the biologic functions of this mitotic kinase. We now have a wealth of information available about the spectacular role of Plk1 in mitosis and throughout the cell cycle. However, the role of Plk1 and its functional significance in carcinogenesis and tumor progression are not well understood. The question has been raised whether the consistently observed overexpression of Plk1 in a variety of cancers is due to its direct involvement in the neoplastic transformation of cells or if it is solely the result of increased proliferation due to the transformative process. Plk1 expression being cell cycle dependent, with a peak in mitosis, which is evident in mitotically active normal tissues, and the lack of chromosomal translocations or mutations found in the Plk1 gene supports the latter possibility (1, 2) . On the other hand, it has been shown that forced overexpression of Plk1 results in a malignant transformation of normal human fibroblasts in vitro that are capable of producing tumors when xenografted into nude mice (3) , suggesting that Plk1 is capable of directly contributing to carcinogenesis. However, it is not clear how and when Plk1 overexpression occurs during tumor formation. The answer to this critical question most likely lies within one or more of Plk1 0 s many regulatory loops or protein interactions that have been identified in multiple oncogenes, including Akt, Myc, Mdm2, and b-catenin, and tumor suppressors, such as p53, pRb, Brca2, and Pten (4) (5) (6) (7) (8) (9) (10) (11) . In fact, a recent review of the cancer genome by Vogelstein and colleagues categorized twelve signaling pathways that regulate three core cellular processes, and an understanding of these processes is among the most pressing needs in basic cancer research. Moreover, Plk1 has direct interaction with all core processes and 75% of the signaling pathways ( Fig. 1;  ref. 12 ). Furthermore, current evidence suggests that the dysregulation of Plk1 occurs early in carcinogenesis, as observed in hepato-, papillary, and pancreatic carcinomas (13) (14) (15) . In this review, we are attempting to highlight components of transcriptional regulation and the resulting overexpression of Plk1 in the context of classical oncogenic models involving the cell cycle and tumor suppressors p53 and pRb to illustrate how the dysregulation of these pathways may contribute to early events in carcinogenesis.
Polo-like kinase 1: a controller of mitotic orchestra and beyond
The discovery of the polo kinase in Drosophila was made by Sunkel and Glover in 1988, following the observation that mutant polo results in abnormal spindle formation (16) . In 1993, Clay and colleagues determined the nucleotide sequence of a cDNA encoding the mammalian protein kinase that was closely related to the enzyme encoded by the Drosophila mutant polo and designated it as Plk (17) . Today, the mammalian homolog family of Plks consists of five described members, Plk1-5, which are characterized by the presence of an N-terminal kinase and C-terminal polo-box domain (17, 18) . The Plk family is a group of highly conserved serine/threonine kinases that is typically associated with cell-cycle progression and mitosis; however, recent studies have suggested involvement of this kinase family in cancer (reviewed in ref. 19 ). Plk1 has emerged as a key mitotic regulator and is most commonly known for being a critical component of centrosome maturation, kinetochore-microtubule attachment, bipolar spindle formation, and cytokinesis (20) (21) (22) (23) . However, studies have revealed a diverse range of biologic functions beyond typical mitotic events, including Plk1 0 s involvement with p27 and RhoA, regulatory loops with the transcription factors FoxM1 and Stat3, extensive interplay with Cdk1, phosphorylation of p53 family members p63 and p73, as well as a recent implication in DNA replication (24) (25) (26) (27) (28) (29) (30) (31) (32) . Furthermore, the overexpression of Plk1 has been linked to poor disease prognosis and a decreased survival rate, whereas the inhibition of Plk1 activity has emerged as a promising therapeutic target for cancer management in the clinical setting (33, 34) . The exact role of Plk1 in carcinogenesis has yet to be determined; however, preclinical evidence suggests that Plk1 expression may be necessary for cancer cell survival and is overexpressed in a variety of cancers, including melanoma, breast, ovarian, thyroid, colon, prostate, pancreatic, head and neck, non-small cell lung cancer, and non-Hodgkin lymphomas (35) (36) (37) (38) (39) (40) (41) (42) (43) .
The cell cycle: filling in the gaps
The cell cycle is a highly orchestrated progression of events that culminates in cellular division and the production of two daughter cells. Progression through each of the four main phases, G 1 (Gap 1), S (Synthesis), G 2 (Gap 2), and M (mitosis), is tightly regulated through phosphorylation and ubiquitination events primarily driven by the "master cell-cycle regulators," cyclins, and cyclin-dependent kinases (cdk). Plk1 expression is directly associated with the progression of these phases, where it begins to accumulate during the S-phase, peaks at the G 2 -M transition, plateaus throughout mitosis, and has a sharp reduction upon mitotic exit (1) . Of note, the expression of Plk1 in cancer cells differs from that of nontransformed cells in that it localizes to the nucleus before G 2 -M and can be easily detected even in the G 1 -S phase, suggesting that Plk1 must have cancer cellspecific functions in the interphase. This notion is supported by the observation that Plk1 is indeed involved in the G 1 -S transition and DNA replication in cancer cells (44) (45) (46) . The nuclear localization of Plk1 during the interphase of cancer cells has been neglected for a long time in the field as one tends to focus on its classical mitotic functions, but this important observation has been independently confirmed by others (47) .
Cdks and their endogenous inhibitors have gained much attention as potential therapeutic targets due to their frequent dysregulation in cancer. They can be found both up-and downstream of Plk1 and offer insights into how Plk1 expression may be altered absent of direct mutation. The positive regulation of cdks has been associated with carcinogenesis and forced progression through the cell cycle, as demonstrated by the protooncogene cyclin D1 in a variety of cancers (48) (49) (50) . However, the cdk activation process can be negatively regulated by two distinct families of cdk inhibitors, the inhibitor of Cdk4 (INK4) and cdk-interacting protein (CIP)/kinase inhibitor protein (KIP) families. The members of the INK4 family (p16 INK4a , p15 INK4b , p18 INK4c , and p19 INK4d ) are specific inhibitors of Cdk4 and Cdk6 (hereafter, we refer only to Cdk4 due to the redundancy of Cdk6 function), whereas the CIP/KIP family of proteins (p21 CIP1/Waf1 , p27 KIP1 , and p57 KIP2 ) have a broader inhibitory profile. The INK4 proteins inhibit G 1 progression through formation of a catalytically inactive INK4-Cdk4 complex, thus competitively displacing cyclin D, leading to rapid ubiquitin-dependent proteasomal degradation and preventing the first step of cdk activation (51) . Considering the fact that Plk1 is essential for the G 1 -S transition in cancer cells, it will be of great interest to test the hypothesis that Plk1 enhances cyclin D stability via deregulation of INK4 in cancer cells. If this is true, this will be another piece of strong evidence that Plk1 is a bona fide oncogene. The CIP/KIP family of proteins inhibit Cdk2 bound to cyclin E and A, and to a lesser extent cyclin B-Cdk1, by binding to the formed complex and obscuring the catalytic cleft that prevents the loading of ATP (52, 53) . Of note, the formation of the INK4-Cdk4, but not the binding of CIP/KIP proteins to the cyclin D-Cdk4 complex, prevents phosphorylation of pRb, which is a critical component for synthesis of cell-cycle machinery, including Plk1, by E2F-dependent transcription (discussed below). Furthermore, all the CKIs seem to be at least tenuously tied to Plk1, and when considering the frequent dysregulation of p16 and p21 in cancer, their involvement in regulatory loops that both directly and indirectly affect the expression and activity of Plk1 is of a particular interest.
p16 is the most prominent member of the INK4 family proteins and is routinely associated with cellular senescence and tumor suppression. Induction of p16 has been reported as a tumor-suppressive response to oncogenic stress such as constitutive activation of oncogenic Ras (54) . Dysregulation of p16 can occur by the deletion of the INK4a/ARF (alternate reading frame) locus or mutation to the INK4a gene, resulting in the loss of p16, found in a large percentage of cancers, and, in addition, a Cdk4 mutation that prevents binding of p16 in human melanomas (54) (55) (56) (57) . These observations have been substantiated in vivo by Monohan and colleagues, who showed that the deletion of Ink4a in mice results in spontaneous tumorigenesis and accelerates formation of carcinogeninduced cancers (58) . Furthermore, the loss of somatic p16 significantly accelerates melanomagenesis, following the activation of a melanocyte-specific oncogenic K-Ras allele, indicating the role of p16 as a transformative factor (59) . Recent studies have linked the downregulation of Plk1 with the induction of senescence in primary cells; however, this mechanism seems to be independent of p16 expression (60) . Although these data potentially remove a link between p16-induced senescence and Plk1, a second association involving tumor suppression through p16 0 s namesake, inhibition of Cdk4, lies upstream of Plk1 in an RB-E2F transcriptional pathway.
RB-E2F: factoring in transcription
As previously discussed, p16 is capable of binding to Cdk4 and preventing the initial activation that is typically conveyed by D-type cyclins. The active cyclin D-Cdk4 complex phosphorylates pRb, which contributes to the disassociation of pRb from E2F, thus increasing the promoter activity of E2F (61) . Aside from Cdk4 inhibition, in cancers such as retinoblastoma and small-cell lung cancer, the loss of pRb expression has been attributed to direct mutation (62) . Furthermore, a mechanism that targets the three members of the retinoblastoma (RB) family (also known as pocket proteins), pRb, p107, and p130, involves a conserved domain known as the small pocket that interacts with the viral LXCXE motif, thus making them a target for viral oncogenes such as human papilloma virus E7 and adenovirus E1A (63) (64) (65) . The interaction of viral oncoproteins and E2F with RB does not occur at the same site; however, the juxtaposition of the domains allows a separate region of the oncoprotein to disrupt E2F binding (66) . At a superficial level, E2F unrepressed by RB-binding recruits coactivators such as histone acetyltransferases, which leads to an open chromatin configuration that provides accessibility to transcriptional machinery and subsequent transcription of E2F responsive genes (reviewed in ref. 67) . Although recent studies have demonstrated that E2F is involved in the transcription of genes with a diverse range of functions, the majority of identified targets are involved in cell-cycle control and/or DNA synthesis, including Plk1 (68). In support, Plk1 is indeed involved in DNA replication in cancer cells. Specifically, Plk1 phosphorylation of Orc2, a member of DNA replication machinery, promotes DNA replication under conditions of stress (45) . In other words, Plk1 overrides DNA damage-induced intra-S-phase checkpoint arrest and promotes DNA synthesis in the presence of unrepaired DNA, eventually contributing to genomic instability.
E2F transcription factors are a major contributor to the typically irreversible progression of the mammalian cell cycle. One example of this feed-forward loop can be seen in late G 1 progression following initial disassociation of Cdk4-phosphorylated RB from E2F, which results in increasing transcriptional activity and correlating expression of cyclin E. Increased availability of cyclin E binds to and activates Cdk2 in a complex that further phosphorylates RB, thereby increasing E2F promoter activity. However, to ensure ordered progression through the cell cycle, there are counterbalances to E2F selfpromotion. Among the E2F targets are the CKIs p18, p19, and p57, as well as RB proteins pRb and p107. It would stand to reason that the increased expression of these proteins would contribute to the decreased activity of E2F in late stages of the S phase. However, considering the amount of mutations that can occur upstream of E2F, it is not surprising that the dysregulation of E2F has been correlated with carcinogenesis, but whether or not the tumor-promoting activity of deregulated E2F is confined to cell-cycle regulation is still under investigation (reviewed in ref. 69 ). However, it is not a stretch to imagine how the large number of E2F targets may act in concert with one another to overcome the cell-cycle checkpoints and contribute to genomic instability, and it is our assertion that Plk1 is a key player in that process.
There is some evidence that the deletion of the E2F element in the Plk1 promoter does not significantly affect Plk1 promoter function; however, that observation does not seem to be the consensus and other studies have shown both repression and activation of Plk1 promoter activity in the presence of E2F (70) . One such study indicates that when associated with pRb, E2F acts as a repressor of Plk1 in the presence of the nucleosome remodeling complex, Switch/Sucrose NonFermentable, through histone modification (6) . In contrast, when unbound by RB, E2F activators have been correlated with an increase in Plk1 promoter activity, which has been supported by an observation of decreased Plk1 expression following E2F knockdown in cancer cells (71, 72) . However, it is important to further test this observation in normal cells. Although E2F may play a secondary role to the better defined CDE/CHR (cell cycle-dependent element/cell-cycle genes homology region) and CCAAT elements found in the Plk1 promoter, these data suggest that E2F may be a contributor and therefore a necessary consideration when developing models for the overexpression of Plk1, which is associated with a large number of cancers.
Plk1 and p53: elements of tumor suppression
Given the amount of biologic pathways that are associated with p53, it is not surprising that this classical tumor suppressor overlaps with Plk1 in multiple seemingly independent mechanisms. Using the most basic description, p53 is a transcription factor induced by cellular stress that routinely leads to apoptosis or cell-cycle arrest through direct protein-protein interaction, repression, and/or transactivation of critical proapoptotic or cell-cycle regulatory genes (73) (74) (75) . Detailed reviews of p53 and its biologic importance can be found elsewhere (76, 77) . As mentioned above, the CCAAT and CDE/CHR elements have been identified as major contributors to Plk1 transcriptional activity (78) . The CCAAT box is a target of the transcription factor NF-Y and is a common promoter element of G 2 -M-associated genes, including Plk1. Although it seems uncontested that p53 confers a level of direct negative regulation to Plk1, there is a conflict in the literature as to whether the regulation is achieved through binding to p53 responsive elements or through the CCAAT element in the Plk1 promoter (70, 79) . Although McKenzie and colleagues eloquently present their case, we reserve the subject for future discussion when more evidence is available (79) . Yet, because p53 is an antagonist of Plk1, one would predict that loss-of-function p53 mutations, which occur in 50% of cancers, could be largely responsible for Plk1 elevation in these cancers; however, we acknowledge that this notion needs further experimentation.
To briefly expound on the CDE/CHR element of the Plk1 promoter, repression of the Plk1 gene in G 0 -G 1 is conferred by the CHR site, whereas mutation of the CDE sequence revealed that four nucleotides upstream had no significant effect on Plk1 transcription (78) . Using the Muller and Engeland classification, the lack of a functional CDE site typically seen in the CDE/CHR motif found in other cell-cycle genes such as Cdc2 and Cdc25C defines Plk1 as a class II gene (80) (81) (82) . However, repression through the CDE element can be, at least in part, conferred by the p53 transcriptional target p21, as seen by the release of p21-dependent repression following CDE mutation (70, 83) . In addition, high levels of p53 may cause repression of cell-cycle genes through a p21-dependent switch from an MMB to a DREAM complex binding at CHR elements through cyclin-cdk inhibition and subsequent hypophosphorylation of RB; however, this process has yet to be directly correlated with Plk1 (84) . Alternatively to the RB pathway, other studies have suggested that in the case of oncogene-induced senescence, p21 is capable of preventing Plk1 expression through direct binding to the promoter of Plk1, which may be part of an adaptive response to stress, and provide insight into p53-dependent senescence induced in primary cells following the knockdown of Plk1 (60, 85) . To add a layer of complexity to the pathway, it also seems that long-term downregulation of Plk1 stabilizes p21 expression in both normal diploid and p53-defective cancer cells, presumably through both p53-dependent and -independent mechanisms, suggesting a double-negative feedback loop involving p21 and Plk1 (86, 87) .
There seems to be little doubt that p53 has the ability to exert some level of regulation on Plk1, but in keeping with the recurring theme of Plk1 being embedded into regulatory loops, it seems that Plk1 has the ability to control p53 activity through multiple pathways as well. This is of particular importance as dysregulation of p53 cripples a primary line of cellular defense against proliferation under aberrant conditions. For example, it has been shown that Plk1 inhibits p53 transcriptional activity and proapoptotic function through direct binding to a sequence-specific DNA-binding domain of p53 (88) . Furthermore, the depletion of Plk1 has been correlated with reduced levels of Mdm2, an E3 ubiquitin ligase and critical regulator of p53, which was corroborated with the observation that phosphorylation of Mdm2 at Ser260 by Plk1 stimulates Mdm2-mediated turnover of p53 (5, 86) . In addition, a recent study has shown that Plk1 in vivo phosphorylation of Ser718 on Topors, a ubiquitin and SUMO E3 ligase, inhibits Toporsmediated sumylation of p53 and enhances p53 degradation through ubiquitination (89) . Interestingly, aside from ubiquitination and signaling, Plk1-associated kinase activity also directly influences the spatial regulation of p53 through phosphorylation of G 2 -and S-phase expressed 1 (GTSE1), resulting in the constitutive shuttling of p53 from the nucleus to the cytoplasm, thus facilitating the proteasomal degradation of p53 during cellular recovery from DNA damage (90) . Of note, while p21 typically falls downstream of p53, it has been suggested that p21-mediated suppression of Plk1 is responsible for maintaining p53 expression and activation during the stress response (91) . These data provide evidence that tight regulation of Plk1 may be necessary for p53 and p21 to adequately perform their tumor-suppressive functions and that overexpression of Plk1 may negatively regulate both pathways in concert and independently from one another.
Conclusions and Outlook
On the basis of the information and discussion provided in this review, we believe that Plk1 potentially plays a significant role in carcinogenic transformation. Indeed, Plk1 is not overexpressed because of a direct mutation or translocation; however, this is possibly not the sole criterion for being a transformative factor. We feel the existing data provide a strong foundation for a p53-p21-Plk1 axis that can significantly promote aneuploidy and genomic instability. Considering all three proteins are integrated into the DNA damage response, it is reasonable to suspect that abrogated DNA damage checkpoints may play a significant role in this process (79, (92) (93) (94) . Support for this comes from a study showing that Plk1 phosphorylation of GTSE1 is essential for cellular recovery from G 2 DNA damage checkpoints, suggesting that elevated Plk1-mediated p53 inactivation is one mechanism of premature checkpoint termination, eventually leading to aneuploidy and chromosome instability (90) . There is evidence of a similar mechanism in Xenopus, in which Plx1 (Plk1 homolog) has been linked to checkpoint adaptation via phosphorylation of the checkpoint mediator Claspin, a protein that promotes cellcycle arrest by facilitating the ATR-dependent phosphorylation of BRCA1 and CHEK1 in response to DNA damage (95) .
When considering the INK4-Cdk-RB pathway, E2F targeting of Plk1 provides a potential mechanism for overexpression of Plk1 to be an early occurrence in carcinogenesis based on upstream mutations. Furthermore, it offers a tentative connection and level of regulation between the p53 and RB pathways. Other studies have suggested a similar relationship involving the Ink4a/ARF locus, in which loss of RB results in E2F activation of the ARF promoter, invoking a p14-Mdm2-p53 pathway (96, 97) . Furthermore, studies have also shown that enhanced Mdm2 activity is capable of inhibiting RB function (98) . It is interesting to postulate that overexpression of Plk1 may then contribute to mitigating this endogenous defense mechanism through enhancement of Mdm2 and inhibition of both RB and p53 or its downstream target p21 under the same conditions.
Given the lack of translocation or direct mutation found in the Plk1 gene, we understand and respect the notion that Plk1 overexpression may be an artifact of the increased cellular proliferation that is associated with cancer. However, considering the information presented in this review, we believe that it is far too early to make any reasonable conclusions on the role of Plk1 in carcinogenesis. Preclinical experiments have shown that Plk1 is an effective therapeutic target in many cancers, and we find it reasonable to suspect that oncogene dependence on Plk1 is not a late occurrence in cancer formation. We feel it is far more likely that Plk1 plays an active role in genomic instability and aberrant cell survival, ultimately driving the cell into carcinogenic transformation.
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